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Molybdoenzymes are complex enzymes in which the molybdenum cofactor (Moco) is deeply buried
in the enzyme. Most molybdoenzymes contain a speciﬁc chaperone for the insertion of Moco. For
the formate dehydrogenase FdsGBA from Rhodobacter capsulatus the two chaperones FdsC and FdsD
were identiﬁed to be essential for enzyme activity, but are not a subunit of the mature enzyme. Here,
we puriﬁed and characterized the FdsC protein after heterologous expression in Escherichia coli. We
were able to copurify FdsC with the bound Moco derivate bis-molybdopterin guanine dinucleotide.
This cofactor successfully was used as a source to reconstitute the activity of molybdoenzymes.
Structured summary of protein interactions:
FdsC and FdsC bind by molecular sieving (View interaction)
FdsD binds to RcMobA by surface plasmon resonance (View interaction)
FdsC binds to RcMobA by surface plasmon resonance (View interaction)
FdsC binds to FdsA by surface plasmon resonance (View interaction)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Molybdenum is a transition metal that is incorporated as the
biologically active molybdenum cofactor (Moco) in a class of
widely distributed proteins collectively known as molybdoen-
zymes [1,2]. Moco is associated with a wide range of redox
enzymes and is found in most organisms from bacteria to
humans. The metal in Moco is coordinated to a pterin derivative
called molybdopterin to form the molybdenum containing molyb-
dopterin (Mo-MPT) cofactor [3,4]. A wide variety of transforma-
tions are catalyzed by these enzymes at carbon, sulfur and
nitrogen atoms, which include the transfer of an oxo group or
two electrons to or from the substrate [5,6]. The mononuclear
molybdenum enzymes are categorized on the basis of the
structures of their molybdenum centers, dividing them into three
families, each with a distinct active site structure and a distinct
type of reaction catalyzed: the xanthine oxidase family, the sulﬁte
oxidase family and the dimethylsulfoxide (DMSO) reductase
family [1]. Metal-dependent formate dehydrogenases (FDH) from
prokaryotic organisms are members of the DMSO reductase family
of molybdoenzymes binding the bis-MPT guanine dinucleotide
cofactor (bis-MGD) [7–9]. The molybdenum coordination sphere
in bis-MGD of FDH is presented by two dithiolene groups fromtwo pterin ligands in addition to a recently discovered Mo@S
group in some FDHs [10], and a sixth ligand, which is a cysteine
residue in case of the cytoplasmic and oxygen-tolerant FDH from
Rhodobacter capsulatus (RcFDH) [11]. FDHs in general catalyze the
oxidation of the formate anion to carbon dioxide in a redox reac-
tion that involves the transfer of two electrons from the substrate
to the active site [12]. The proton of the substrate is proposed to
be transferred to an acceptor group located near the molybdenum
ion, which can be the cysteine or a conserved histidine at the
active site of RcFDH [11,13,14]. RcFDH consists of a (abc)2 het-
erotrimer in which the large a-subunit FdsA (105 kDa) harbors
the bis-MGD cofactor and a set of four [Fe4S4] clusters and one
[Fe2S2] cluster. FdsA is linked to the b-subunit FdsB (52 kDa) that
binds one additional [Fe4S4] cluster and the FMN cofactor [11].
The c-subunit FdsG (15 kDa) binds a [Fe2S2] cluster. The terminal
electron acceptor was shown to be NAD+. The crystal structures of
several molybdoenzymes revealed that Moco is deeply buried
inside the proteins, at the end of a funnel-shaped passage giving
access only to the substrate [15]. This implied the requirement
of speciﬁc chaperones for each molybdoenzyme, to facilitate
the insertion of Moco [16]. A well-characterized example is R.
capsulatus XDH, for which the XdhC protein has been identiﬁed
as speciﬁc chaperone which is involved in Moco binding and
formation of the terminal sulﬁdo ligand, and additionally was also
shown to be involved in the ﬁnal folding and maturation of
apo-XDH after Moco insertion [17].
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tiﬁed to be essential for the production of an active FDH, but are
not subunits of the mature enzyme [11]. While FdsD has only
counterparts in some oxygen-tolerant FDHs, RcFdsC shares high
amino acid sequence homologies to Escherichia coli FdhD, the chap-
erone for the membrane-bound E. coli formate dehydrogenase
FdhF. E. coli FdhD was reported to act as a sulfurtransferase
between the L-cysteine desulfurase IscS and FdhF, a mechanism
which is essential to yield active FdhF [18]. Additionally, it was
shown that the two cysteine residues Cys121 and Cys124 in FdhD
are involved in the sulfurtransfer reaction from IscS further onto
the bis-MGD in FdhF.
To characterize the R. capsulatus FdsC protein, we puriﬁed R.
capsulatus FdsC after heterologous expression in E. coli. We show
that FdsC was copuriﬁed with bound bis-MGD. This represents
the ﬁrst copuriﬁcation of a Moco-inserting chaperone with its sub-
strate and deﬁnitively shows its role in bis-MGD insertion into the
speciﬁc apo-enzyme. Replacement of the conserved cysteines pres-
ent in R. capsulatus FdsC by alanines, however, showed no negative
effect on RcFDH activity.
2. Materials and methods
2.1. Bacterial strains, plasmids, media, and growth conditions
E. coli MC1061 cells were used for the expression of FdsC from
plasmids pTHfds02 (fdsC cloned NheI-SacI into pTrcHis) [11]. For
coexpression of RcFDH (pTHfds15: fdsGBA cloned SalI-SacI into
MCS1, and fdsD cloned NdeI-XhoI into MCS2 of pACYduet-1) and
FdsC (pTHfds14: fdsC cloned NcoI-SacI into pTrcHis) or its cysteine
variants (pNBfds04: fdsC-C104A cloned NcoI-SacI into pTrcHis,
pNBfds05: fdsC-C107A cloned NcoI-SacI into pTrcHis, pNBfds06:
fdsC-C104A/C107A cloned NcoI-SacI into pTrcHis) E. coli
BW25113DfdhD cells were obtained from the Keio collection
[19]. E. coli BL21(DE3) cells were used for expression of R. capsula-
tus MobA (pMN56) [20].
2.2. Expression and Puriﬁcation of FdsC, RcFDH, FdsA and RcMobA
For expression of FdsC, E. coli MC1061 cells were transformed
with plasmid pTHfds02. Cells were grown at 37 C under anaero-
bic conditions in LB medium containing 1 mM molybdate, 20 lM
isopropyl b-D-1-thiogalactopyranoside (IPTG), 150 lg/ml ampicil-
lin for 12 h. This preculture was used to start the main culture
with a 1:500 dilution. The main culture was grown with the same
additions for 24 h at 30 C. The Moco-free form of FdsC was
obtained using E. coli RK5200 cells. After centrifugation and cell
lysis, the cleared lysate was applied to 0.3 mL of Ni-nitrilotriace-
tate (NTA; Qiagen) resin per liter of cell culture. The column was
washed with 20 column volumes of 50 mM NaH2PO4 buffer,
10 mM and 20 mM imidazole each. The protein was eluted with
buffer containing 250 mM imidazole. Using PD-10 columns,
the buffer was exchanged to 100 mM NaH2PO4, pH 8.0.
Protein concentrations were determined by measuring the
absorption at 280 nm using the calculated extinction coefﬁcient
e = 12600 M1 cm1 for FdsC.
For coexpression of RcFDH with FdsC or its cysteine variants,
E. coli BW25113DfdhD cells were transformed with pTHfds15 and
either pTHfds14, pNBfds04, pNBfds05 or pNBfds06. RcFDH was
expressed and puriﬁed as described previously [11]. The FDH
activity was measured after Ni-NTA chromatography in 75 mM
potassium phosphate buffer, pH 7.5, 10 mM KNO3. RcFdsA was
puriﬁed in the same manner. RcMobA was expressed and puriﬁed
as described previously in [20].2.3. Cofactor analysis
Metal analysis was performed using PerkinElmer Life Sciences
Optima 2100DV inductively coupled plasma optical emission spec-
trometer as described earlier [20]. Nucleotides were released from
bis-MGD as described earlier [21]. The bis-MGD cofactor was
detected ﬂuorometrically after its conversion to Form A-GMP [22].
2.4. Protein–protein interaction studies using surface plasmon
resonance
Binding experiments were performed with the SPR-based
instrument Biacore™ T200 instrument (GE, Uppsala, Sweden) on
CM5 sensor chips as described by the manufacturer. Immobiliza-
tion of FdsC, RcFDH, FdsD and BSA on the chip was performed
via amine coupling. As analytes FdsA, RcMobA and BSA with con-
centrations of 0.2, 0.3, 1.3, 2.5, 5, 10, and 20 lM were injected.
2.5. Enzyme assays
TMAO reductase activity was measured under anaerobic condi-
tions following the oxidation of reduced benzyl viologen at 600 nm
in the presence of 0.1 lM TMAO [23]. RcFDH activity was mea-
sured recording the change in NADH absorption at 340 nm
(eNADH = 6220 M1 cm1) as described previously [11]. 120–300 nM
of puriﬁed RcFDH was used in a standard assays.
3. Results
3.1. Heterologous expression and puriﬁcation of R. capsulatus FdsC in
E. coli
R. capsulatus FdsC was produced in E. coli MC1061 cells after
expression from plasmid pTHfds02, which results in a FdsC protein
containing an N-terminal His6-tag. After puriﬁcation by Ni-NTA
afﬁnity chromatography the puriﬁed protein displayed a single
band on Coomassie Brilliant Blue-stained SDS–polyacrylamide gels
with a monomeric mass of 28.6 kDa (Fig. 1A). The yield of protein
was generally between 10 and 20 mg of protein per liter E. coli cul-
ture and the protein was puriﬁed to at least 90%. The elution time
of native FdsC from a size exclusion chromatography showed that
FdsC existed as a dimer in solution (Fig. 1B). Puriﬁed FdsC was col-
ored brownish to pink. UV–Vis absorption spectroscopy of FdsC
revealed the presence of absorption bands between 330 and
600 nm (Fig. 1C, solid line). Addition of sodium dithionite resulted
in a reduction in the absorbance (Fig. 1C, dashed and dotted lines).
The absorption spectrum of puriﬁed FdsC is similar to the one
recorded for DMSO-reduced DMSO reductase from R. sphaeroides,
which contains the bis-MGD cofactor [24]. Conclusively, it was
likely that we copuriﬁed FdsC with bound Moco (bis-MGD).
3.2. Quantiﬁcation of the metal and Moco content of puriﬁed FdsC
To further characterize the puriﬁed FdsC protein, the molybde-
num, MPT and GMP content present in FdsC was quantiﬁed. For
comparison, FdsC was expressed in MC1061 cells with the supple-
mentation of 1 mM molybdate, 10 mM tungstate or without the
addition of metals.
To analyze whether the bis-MGD cofactor is bound to puriﬁed
FdsC, bound MPT was converted to Form A-GMP after treatment
with acidic iodine, which can be detected after separation on a
reversed phase C18 HPLC column. As shown in Fig. 1D, Form
A-GMP was detected on FdsC expressed in the presence of 1 mM
molybdate. In contrast, Form A-GMP was not detected in FdsC
Fig. 1. Puriﬁcation and characterization of FdsC after heterologous expression in E. coli. (A) 12% SDS–PAGE of 8 lg FdsC containing an N-terminal His6-tag after Ni-NTA
chromatography. (B) Size exclusion chromatography of FdsC in 100 mM NaH2PO4, pH 8.0, using a Superdex 200 column. Plot of the standard (Bio-Rad) (C) UV/Vis-spectra of
FdsC expressed in the presence of 1 mM molybdate recorded in 100 mM NaH2PO4, pH 8.0, as puriﬁed (solid line), or reduced with 1 mM sodium dithionite (dotted line) or
7.6 mM sodium dithionite (dashed line). (D) Analysis of the bis-MGD content of FdsC variants. Bis-MGD was converted to Form A-GMP [22]. Shown are HPLC proﬁles of Form
A-GMP isolated from FdsC expressed in the presence of 1 mM molybdate (solid line), 10 mM tungstate (dashed line) or without the addition of metals (dotted line). MC1061
E. coli cells were used for expression.
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metals to the medium.
Additionally, the molybdenum and GMP content of the puriﬁed
FdsC was analyzed by ICP-OES and HPLC quantiﬁcation, respec-
tively (Table 1). The results in Table 1 show that in medium
supplemented with 1 mM molybdate, FdsC was puriﬁed with
a 3.6% saturation of molybdenum. In contrast, 10-fold less
molybdenum was bound to FdsC grown in medium without metal
supplementation (0.37%). The detection of GMP in the protein
resulted in a saturation of 9.1% to FdsC puriﬁed from the
molybdate supplemented medium, and 3.4% GMP content from
the medium without supplements.
In total, the results from the absorption spectrum andmetal and
cofactor analysis showed that FdsC was puriﬁed with a saturation
of about 4% with bound MGD after expression in medium contain-
ing 1 mM molybdate. The resulting molybdenum to GMP ratio of
1:2 (after substraction of the unspeciﬁcally bound GMP) suggests
the presence of bis-MGD copuriﬁed with FdsC.Table 1
Metal and GMP content of puriﬁed FdsC heterologously expressed in E. coliMC1061 in
the presence or absence of 1 mM molybdate.
FdsC expressed in medium
containing
Molybdenuma % GMPb %
w/o additions 0.37 ± 0.17 3.4 ± 0.27
1 mM molybdate 3.6 ± 0.17 9.1 ± 0.02
a Metal content (ratio lM metal per lM FdsC in % saturation) were determined
by ICP-OES using multielement standards.
b GMP content of FdsC was quantiﬁed after release of GMP from the bis-MGD
cofactor by acidic hydrolysis and compared to a GMP standard.3.3. Reconstitution of TMAO reductase
So far, the data suggested that FdsC was copuriﬁed with bound
MGD. To clearly show that bis-MGD and not MGD is bound to FdsC,
we made use of an existing in vitro system for the reconstitution of
apo-TMAO reductase from E. coli [23]. TMAO reductase binds bis-
MGD as sole cofactor [4,25] and it was reported before that
Moco-free apo-TMAO reductase can be reconstituted with the
bis-MGD cofactor produced by E. coliMobA [25]. It was also shown
previously that bis-MGD is not formed on TMAO reductase, instead
it has to be formed before its insertion. Puriﬁed apo-TMAO reduc-
tase was incubated with increasing concentrations of puriﬁed FdsC
at 37 C without any further supplementations. As shown in
Fig. 2A, in the presence of a sixfold excess of FdsC, a linear increase
in TMAO reductase activity was obtained after a time range of
90 min (Fig. 3A). Additionally, the data show that the reconstitu-
tion of apo-TMAO reductase was dependent on the FdsC concen-
tration in the reconstitution assay. Since FdsC was saturated to
about 4% with bis-MGD, a 6-fold excess of FdsC to apo-TMAO
reductase was required to achieve a maximal reconstitution of
TMAO reductase activity (Fig. 2B). We were able to achieve 60 U/
mg TMAO reductase activity. Similar TMAO reductase activities
of 50 U/mg were obtained after reconstitution of apo-TMAO reduc-
tase with MobA, GTP, MgCl2 and Mo-MPT as described in [25]. It
was also shown that apo-TMAO reductase incubated with cell ly-
sate as bis-MGD source gained an activity of 450 U/mg [26]. How-
ever, here an undeﬁned source of Moco was used from an extract
which also produced TMAO reductase. Thus, our data are not really
comparable with the latter numbers. In our reconstitution
approach, higher amounts of FdsC resulted in an inhibition of
Fig. 2. Reconstitution of E. coli apo-TMAO reductase activity using bis-MGD bound
R. capsulatus FdsC. TMAO reductase activity was measured under anaerobic
conditions following the oxidation of reduced benzyl viologen at 600 nm in the
presence of 0.1 lM TMAO. Units/mg correspond to lmol of TMAO reduced/min/mg
of protein. (A) Apo-TMAO reductase (8 lM) was incubated with FdsC (50 lM) and
the TMAO reductase activity was measured over a time range of 90 min. (B) Apo-
TMAO reductase (8 lM) was mixed with different concentration of 0–120 lM FdsC.
TMAO reductase activity was determined after an incubation time of 120 min.
Fig. 3. Effects of FdsC and cysteine to alanine variants on activity and cofactor
content of RcFDH. (A) UV–Vis absorption spectra of RcFDH expressed without FdsC
(solid line), in the presence of FdsC wild-type (dotted line), or in the presence of the
cysteine to alanine variants FdsC-C104A (dashed line), FdsC-C107A (dotted dashed
line) and FdsC-C104A/C107A (long dashed line). (B) Molybdenum (lM molybde-
num/lM FDH, black) and iron (lM 5 [4Fe4S] and 2 [2Fe2S]/lM FDH, white)
saturation of puriﬁed RcFDH were determined by ICP-OES. (C) Speciﬁc RcFDH
activity in units/mg of the puriﬁed FdsGBA variants is deﬁned as the reduction of
lmol of NADH/min/mg of enzyme under assay conditions. n.d., None detectable.
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centrations, which might interfere with the binding site of FdsC for
Moco insertion into apo-TorA.
3.4. Analysis of protein–protein interactions
For the analysis of the interaction partners of FdsC we per-
formed surface plasmon resonance (SPR) measurements for real
time detection of speciﬁc protein–protein interactions. Previously,
it was demonstrated that FdsC interacts with RcFDH, but the spe-
ciﬁc subunit of RcFDH for the interaction was not determined
[11]. In our study, only the subunit FdsA (binding bis-MGD) was
tested to identify the interaction site of FdsC on RcFDH. The results
showed an interaction of FdsA with FdsC, with a KD of
0.09 ± 0.02 lM (Table 2). Since FdsC is able to bind the bis-MGD
cofactor, a possible interaction between FdsC and MobA for bis-
MGD handover was also determined. Additionally, the interaction
of FdsD with MobA and RcFDH was also analyzed. MobA was
shown to interact with FdsC, with a dissociation constant of
2.15 ± 0.48 lM, and with FdsD, with a dissociation constant of
0.66 ± 0.30 lM. FdsD was only able to interact with FdsC and
MobA, but not with RcFDH, as reported before [11].3.5. Inﬂuence of FdsC variants on RcFDH activity
Previous studies on the R. capsulatus formate dehydrogenase
fdsGBA structural genes heterologously expressed in E. coli showed
that coexpression of both fdsC and fdsD is essential for the produc-
tion of an active RcFDH. The studies also showed that the role of
FdsC can be replaced by E. coli FdhD, the chaperone for E. coli FdhF
[18]. For E. coli FdhD it was reported that the protein is involved in
the sulfuration of the cofactor bound to E. coli FdhF. Here, con-
served cysteine residues were suggested to be essential for the
sulfuration of Moco of the E. coli FDH.
Table 2
Analysis of protein–protein interactions of FDH, FdsD and FdsC with FdsA or RcMobA
by surface plasmon resonance measurements.
Analytea KDc in lM
Immobilized RcFDHb Immobilized FdsCb Immobilized FdsDb
FdsA – 0.09 ± 0.02 –
RcMobA 1.97 ± 1.17 2.15 ± 0.48 0.66 ± 0.30
BSA n.d.d n.d.d n.d.d
–: Not measured.
a Proteins were injected by using the kinject protocol injecting samples in a
concentration range of 0.16–20 lM. Cells were regenerated by injection of 20 mM
HCl.
b Proteins were immobilized via amine coupling (RcFDH at 404, 645 and 655 RU,
FdsC at 659, 786 and 1320 RU, FdsD at 591 and 572 RU). RU – resonance units.
c KD mean values with standard deviation were obtained from two to three
independent measurements after global ﬁtting procedure for a 1:1 binding.
d n.d.; None detectable.
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FdhD (similarity 46%), in which also the cysteine Cys104 and
Cys107, corresponding to E. coli FdhD Cys121 and Cys124 are con-
served (these are the only cysteines in FdsC). To analyze whether
the two cysteines in R. capsulatus FdsC have a similar role as
reported for E. coli FdhD, we generated single and double amino
acid exchanges in the sole conserved cysteines to alanine. The three
FdsC variants FdsC-C104A, FdsC-C107A and the FdsC-C104A/C107A
were coexpressed with RcFDH in E. coli and the effect of RcFDH
activity was analyzed after puriﬁcation. In addition, the satura-
tion with molybdenum and iron was quantiﬁed on puriﬁed
RcFDH. The inﬂuence of the FdsC-C104A, FdsC-C107A and the
FdsC-C104A/C107A double variant was compared to RcFDH
expressed in the presence of FdsC wild type and in the absence
of FdsC (Fig. 3). For expression, the E. coli DfdhD strain was used
to avoid functional replacement by the E. coli protein. The protein
yield of RcFDH from the different expressions was comparable and
ranged between 2–5 mg/L mg of protein per L E. coli culture. The
UV–Vis absorption spectra of the puriﬁed RcFDH proteins showed
no major differences (Fig. 3A), with characteristic absorption
maxima showing the presence of FeS clusters and the FMN cofactor.
As reported before, RcFDH expressed in the absence of FdsC was
inactive, while the iron content was not changed, the molybdenum
content was slightly reduced likely based on the expression system
which was different from the one used before (Fig. 3B and C)
[11]. In comparison, the activity of RcFDH expressed in the
presence of FdsC or the three cysteine to alanine variants
was the same for all four proteins and ranged between 1 and
1.5 U/mg (NADH/min/mg of RcFDH) (Fig. 3C). The analysis of the
metal content additional showed no difference in the iron or
molybdenum saturation of the four proteins, showing that the
cofactors were present to the same saturation level (Fig. 3B).
Conclusively, the cysteine to alanine exchanges did not inﬂuence
the RcFDH activity or the cofactor insertion into the protein.
4. Discussion
In this report we show for the ﬁrst time the copuriﬁcation of
FdsC with bound bis-MGD cofactor. So far, an interaction of the
molecular chaperones involved in the maturation of their target
proteins from the DMSO reductase family was shown [4,26–30],
but a direct binding of bis-MGD failed due to the instability of
the cofactor. Our system for the heterologous expression of FdsC
in E. coli enabled the copuriﬁcation of FdsC with a 4% saturation
of bis-MGD. The deﬁnitive proof that bis-MGD was bound to FsdC
and not only MGD was given by the reconstitution of TMAO reduc-
tase activity in a system solely consisting of FdsC and apo-TMAO
reductase.Until now it was not completely understood how the Moco is
inserted into the folded protein. The crystal structures of several
molybdoenzymes revealed that Moco is deeply buried inside the
proteins, at the end of a funnel-shaped passage giving access only
to the substrate [15]. So far, a number of speciﬁc chaperones for
molybdoenzymes were identiﬁed, which are essential for the mat-
uration of their corresponding enzyme [4]. Among these are the
prominent examples of R. capsulatus XdhC for xanthine dehydroge-
nase [31] and E. coli TorD for TMAO reductase [23], two systems
which have been studied in detail in the past. With the exception
of XdhC, all characterized chaperones, like TorD, NarJ or FdhD,
yet belong to members of the DMSO reductase family and there-
fore are speciﬁcally involved in bis-MGD insertion. For the chaper-
one TorD it was described that it is able to bind to the signal
peptide of apo-TMAO reductase until the bis-MGD is inserted
and TMAO reductase is correctly folded [26]. Another example is
E. coli FdhD which acts as a sulfurtransferase between the L-cys-
teine desulfurase IscS and the bis-MGD of FdhF [18].
It was shown that FdsC was also essential for the activity of
RcFDH [11], thus, we aimed to characterize the role of FdsC in
RcFDH maturation. We concluded that in addition to bis-MGD
binding, FdsC might have a similar role in the maturation of RcFDH
like TorD for TMAO reductase. For TorD it was shown that it inter-
acts with MobA and TMAO reductase and it was proposed that
TorD acts as a platform connecting bis-MGD synthesis (on MobA)
and bis-MGD insertion into TorA [26,28]. In addition to bis-MGD
binding to FdsC, we also show that FdsC interacts with MobA
and RcFDH (here speciﬁcally with FdsA). Thus, FdsC might also
act as a platform connecting bis-MGD biosynthesis and its inser-
tion into the target protein. The FdsD protein seems to be addition-
ally essential in this reaction, since it interacts with MobA and FdsC
(but not with RcFDH [11]) and was shown to be essential for bis-
MGD insertion into RcFDH [11]. Thus, FdsD might stabilize the
cofactor handover from MobA to FdsC.
The E. coli chaperone FdhD for FdhF in E. coli shares amino acid
sequence homologies to RcFdsC [18]. However, Moco-binding to
FdhD was not reported so far. In contrast, in the E. coli system FdhD
was shown to contain conserved cysteine residues, which are
essential for the sulfuration bis-MGD for FdhF. It was suggested
that for Moco-sulfuration, FdhF interacts with the housekeeping
L-cysteine desulfurase IscS of E. coli. However, our study showed
that the cysteines are not essential in FdsC for FDH activity. The
data suggest a different mechanism for the role of R. capsulatus
FdsC, which does not involve an essential role of the cysteine res-
idues present in FdsC. While E. coli FdhD was able to replace the
role of FdsC for RcFDH activation, differences in both systems
might exist due to different active-site structures and ligands to
the molybdenum atom. A sulfurated form of bis-MGD present in
RcFDH was not proven so far. Additionally, E. coli FdhF is a mem-
brane-associated protein which contains a selenocysteine ligand
at its active site, while RcFDH is a cytoplasmic, multi-domain pro-
tein with a cysteine-ligand at the active site. Thus, differences
might exist in the reaction mechanism of the different FDH en-
zymes. We suggest, that the cofactor on FdsC was likely not puri-
ﬁed in a sulfurated form, since it nicely reconstituted TMAO
reductase (containing an oxo-ligand in its active form) [32]. In
addition, treatment of FdsC with cyanide did not release thiocya-
nate [33], showing that no cyanolysable sulfur is present on FdsC
(data not shown).
In total, we propose a model that connects Moco biosynthesis
and its insertion into RcFDH (Fig. 4). Bis-MGD is produced by MobA
from Mo-MPT and GTP and is further transferred to FdsC. Our re-
sults show that FdsC, FdsD and MobA form a complex, which might
enable bis-MGD handover to FdsA and, additionally, serves to pro-
tect the bis-MGD cofactor from oxidation before its insertion into
FdsA. Since FdsD was only identiﬁed in organisms which contain
Fig. 4. Model of Moco biosynthesis and the role of FdsC in bis-MGD insertion into RcFDH. Shown is a scheme for Moco biosynthesis from 50 GTP via the intermediates cPMP
(cyclic pyranopterin monophosphate), MPT (molybdopterin) and Mo-MPT after the insertion of molybdate. MobA binds Mo-MPT and catalyzes ﬁrst the synthesis of bis-Mo-
MPT and then the synthesis of bis-MGD by ligation of two GMPmolecules to each MPT moiety in bis-Mo-MPT. Further, bis-MGD is transferred fromMobA to FdsC. FdsC, FdsD
and MobA were shown to form a complex and protect the bis-MGD cofactor from oxidation before its insertion into the FdsA subunit from RcFDH. Additionally, FdsC
contributes to the speciﬁcity for bis-MGD insertion into FDH.
536 N. Böhmer et al. / FEBS Letters 588 (2014) 531–537an oxygen-tolerant FDH, its role might serve to protect the
bis-MGD cofactor speciﬁcally in the presence of oxygen. So far
bis-MGD binding was not shown for FdsD. FdsC additionally
contributes to the speciﬁcity for bis-MGD insertion into FDH by
speciﬁc protein–protein interactions with the FdsA subunit. Con-
clusively, our studies suggest that FdsC might act as a platform
connecting bis-MGD biosynthesis and its insertion into the target
protein.
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